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  The	discovery	of	 the	high	activity	 and	selectivity	of	boron‐based	catalysts	 for	oxidative	dehydro‐
genation	(ODH)	of	alkanes	to	olefins	has	attracted	significant	attention	in	the	exploration	of	a	new	
method	for	the	synthesis	of	highly	active	and	selective	catalysts.	Herein,	we	describe	the	synthesis	
of	porous	boron‐doped	silica	nanofibers	(PBSNs)	100–150	nm	in	diameter	by	electrospinning	and	
the	study	of	their	catalytic	performance.	The	electrospinning	synthesis	of	the	catalyst	ensures	the	
uniform	 dispersion	 and	 stability	 of	 the	 boron	 species	 on	 the	 open	 silica	 fiber	 framework.	 The	
one‐dimensional	nanofibers	with	open	pore	structures	not	only	prevented	diffusion	limitation	but	
also	guaranteed	high	catalytic	activity	at	high	weight	hourly	space	velocity	(WHSV)	in	the	ODH	of	
alkanes.	Compared	to	other	supported	boron	oxide	catalysts,	PBSN	catalysts	showed	higher	olefin	
selectivity	 and	 stability.	 The	 presence	 of	Si−OH	 groups	 in	 silica‐supported	 boron	 catalysts	 may	
cause	 low	propylene	selectivity	during	the	ODH	of	propane.	When	the	ODH	conversion	of	ethane	
reached	44.3%,	the	selectivity	and	productivity	of	ethylene	were	84%	and	44.2%	gcat−1	s−1,	respec‐
tively.	In	the	case	of	propane	ODH,	the	conversion,	selectivity	of	olefins,	and	productivity	of	propyl‐
ene	are	19.2%,	90%,	and	76.6	μmol	gcat−1	s−1,	respectively.	No	significant	variations	in	the	conversion	
and	product	 selectivity	occurred	during	20	h	of	 operation	 at	 a	 high	WHSV	of	 84.6	 h−1.	 Transient	
analysis	and	kinetic	experiments	indicated	that	the	activation	of	O2	was	influenced	by	alkanes	dur‐
ing	the	ODH	reaction.	
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1.	 	 Introduction	

Light	olefins	such	as	ethylene	and	propylene	are	among	the	
most	 important	 types	of	 compounds	 in	 the	 chemical	 industry	
[1,2].	 Traditionally,	 propylene	 and	 ethylene	 are	 mainly	 pro‐
duced	 through	 the	 cracking	 of	 petroleum‐derived	 hydrocar‐
bons	 and	 the	 multistage	 coal‐based	 methanol‐to‐olefins	 pro‐
cess,	which	 involves	extensive	energy	 consumption	and	enor‐
mous	 carbon	 emissions	 [3–5].	 The	 recent	 boom	 in	 shale	 gas	

production	[1,6],	which	contains	large	amounts	of	light	alkanes,	
has	motivated	 the	 interest	 of	 “on‐purpose”	 light	 olefins	 tech‐
nologies.	The	oxidative	dehydrogenation	(ODH)	of	light	alkanes	
plays	 a	 pivotal	 role	 in	 “on‐purpose”	 light	 olefin	 technologies,	
owing	 to	 favorable	 thermodynamics	 and	 absence	 of	 coking	
[7–13].	In	the	ODH	of	alkanes,	traditional	metal	oxide	catalysts	
(e.g.,	 supported	 molybdenum	 and	 vanadium	 oxide	 catalysts)	
exhibiting	good	performances	have	been	widely	researched	in	
the	past	few	decades,	but	the	selectivity	control	of	olefins	is	still	
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difficult	 because	 the	 electron	 acceptor	 of	 metal	 oxides	 easily	
reacts	with	 electron‐rich	olefins,	 resulting	 in	 the	 formation	of	
over‐oxidation	products	(CO	and	CO2)	[13–15].	 	

Recent	 studies	 have	 discovered	 that	 boron‐based	 catalysts	
are	extremely	active	 in	the	ODH	processes	of	ethane	and	pro‐
pane,	 opening	 up	 a	 new	 research	 direction	 in	 the	 selective	
cleavage	of	the	C–H	bond	of	alkanes	[16,17].	Boron‐based	cata‐
lysts	 exhibit	 superior	 catalytic	 activity	 for	 alkanes	 and	 high	
selectivity	 to	 olefins	with	 negligible	 formation	 of	 CO2	 in	 ODH	
reactions,	 owing	 to	 the	 suppression	 of	 olefin	 overoxidation	
[18–21].	Extensive	studies	have	shown	 that	 the	unanticipated	
catalytic	activity	was	attributed	to	the	BO	species	(e.g.,	B–O	and	
B–OH)	of	the	boron‐based	catalysts	[17,22–26].	B2O3,	a	chemi‐
cally	 stable	 boride	 in	 an	 oxidizing	 atmosphere	 rich	 in	 B−OH	
groups	and	B−O−B	bridges	[27],	may	constitute	various	struc‐
tural	 units	 to	 adapt	 to	 the	 chemical	 environment	under	 reac‐
tion	conditions,	which	provides	a	promising	option	for	the	ODH	
of	light	alkanes.	

Three‐dimensional	 porous	 supports	 are	often	used	 to	pre‐
pare	B2O3	 catalysts	 for	 heterogeneous	 catalysis	 reactions.	 For	
example,	 in	 the	case	of	 the	ODH	reaction,	B2O3	was	 tentative‐
ly	impregnated	 on	 various	 supports,	 for	 example,	 TiO2,	 SiO2,	
Al2O3,	 etc.	 [28–30].	 Considering	 the	 structural	 flexibility	 and	
easily	 covalently	 implemented	properties	of	B2O3,	we	need	 to	
develop	 an	 efficient	 synthesis	 of	 boron‐based	 catalysts	 to	
achieve	higher	catalytic	activity	and	stability	 in	the	ODH	reac‐
tion.	

Following	this	consideration,	electrospinning	was	employed	
for	the	synthesis	of	one‐dimensional	porous	boron‐doped	silica	
nanofiber	(PBSN)	catalysts	in	one	step.	The	results	of	the	cata‐
lytic	tests	confirmed	that	the	PBSN	catalyst	showed	higher	ole‐
fin	 selectivity	and	catalytic	 stability	 in	 the	ODH	of	 ethane	and	
propane.	No	significant	variations	in	the	conversion	and	prod‐
uct	 selectivity	 occurred	 during	 the	 20	 h	 operation	 at	 a	 high	
weight	hourly	 space	velocity	 (WHSV)	of	84.6	h−1.	Electrospin‐
ning	ensures	high	dispersion	and	stability	of	boron	species	on	
the	 surface	 of	 the	 open	 silica	 nanofiber	 framework	 in	 ODH	
processes.	

2.	 	 Experimental	 	

2.1.	 	 Materials	

Boric	 acid	 (H3BO3),	 quartz	 powder,	 ethanol,	 and	 tetraethyl	
orthosilicate	(TEOS)	were	purchased	from	Sinopharm	Chemical	
Reagent	Co.	Ltd.	(Shanghai,	China).	Polyvinyl	alcohol	(PVA)	and	
commercial	 silica	 were	 purchased	 from	 Aladdin	 (Shanghai,	
China).	 Polyethylene	 oxide‐polypropylene	 oxide‐polyethylene	
oxide	(P123)	was	purchased	 from	Sigma	(St.	Louis,	MO,	USA).	
All	 chemicals	 used	 in	 this	work	were	 of	 analytical	 grade	 and	
were	used	without	further	purification.	

2.2.	 	 Catalyst	preparation	

P123	 was	 first	 dissolved	 in	 an	 aqueous‐ethanol	 solution	
with	 a	 weight	 composition	 of	 6(P123)/20(C2H5OH)/55(H2O);	
TEOS	 and	 H3BO3	 were	 added	 to	 the	 P123	 solution	 with	 a	

weight	 composition	of	125(TEOS)/x(H3BO3)/30(P123)	 (x	 =	 1,	
2,	4),	and	stirred	at	room	temperature	for	1	h	at	pH	=	2.	Then,	a	
PVA	(10	wt%)	solution	was	incorporated	to	obtain	a	transpar‐
ent	composite	solution.	The	prepared	composite	 solution	was	
then	 transferred	 into	 a	 syringe	with	 a	 needle	 connected	 to	 a	
high‐voltage	 supply.	 The	 distance	 from	 the	 needle	 tip	 to	 the	
collector	was	fixed	at	15–20	cm	at	room	temperature	and	in	a	
N2	atmosphere.	A	potential	of	9–14	kV	was	applied	for	the	elec‐
trospinning.	Finally,	 the	PBSN	catalysts	were	obtained	by	 cal‐
cination	of	the	materials	in	air	at	650	°C	for	3	h.	The	materials	
are	 denoted	 as	 PBSN‐1,	 PBSN‐2,	 and	 PBSN‐3,	 with	 B2O3	 con‐
tents	of	1.5	wt%,	3	wt%,	and	6	wt%,	respectively.	For	compar‐
ison,	 the	 supported	 catalysts	 were	 prepared	 by	 the	 incipient	
wetness	 impregnation	method	using	H3BO3	as	a	boron	source	
and	 silica	 aerogel	 (surface	 area	 of	 300	 m2	 g−1),	 SBA‐15,	 and	
quartz	powder	as	supports	for	comparison.	The	concentration	
of	H3BO3	in	an	ethylene	glycol	solution	was	matched	to	obtain	6	
wt%	of	the	total	B2O3	content	in	the	catalyst.	Then	the	catalysts	
were	obtained	through	the	calcination	of	the	precursors	at	650	
°C	 for	 3	 h	 in	 air.	 The	 catalysts	 were	 named	 B2O3/gel,	
B2O3/SBA‐15,	 and	B2O3/QP,	 respectively.	 SBA‐15	was	 synthe‐
sized	according	to	literature	[31].	

2.3.	 	 Catalytic	evaluation	

The	catalysts	were	loaded	into	a	packed‐bed	quartz	micro‐
reactor	(I.D.	=	8	mm)	and	held	in	the	middle	of	the	reactor	tube	
using	 quartz	 wool	 (20	 mg).	 The	 gas	 feed	 was	 al‐
kanes/oxygen/nitrogen	with	 a	 volume	 ratio	 of	 1/1/2	 in	 pro‐
pane	 ODH	 reaction	 (Fw	 =	 14.4	 mL	 min−1)	 and	 1/1.5/3.5	 in	
ethane	ODH	reaction	(Fw	=	9.6	mL	min−1)	at	0.1	MPa.	The	WHSV	
was	 12.8	 h−1	in	 the	 ethane	 ODH	 reaction	 and	 84.6	 h−1	 in	 the	
propane	ODH	reaction.	The	reactants	and	products	were	ana‐
lyzed	 using	 an	 on‐line	 gas	 chromatograph	 (Techcomp,	 GC	
7900).	 C3H8,	 C3H6,	 C2H6,	 C2H4,	 CH4,	 O2,	 N2,	 CO,	 and	 CO2	 were	
analyzed	using	GDX‐102	and	5A	molecular	sieve	columns	con‐
nected	 to	 a	 thermal	 conductivity	 detector	 and	 a	 Plot	 Al2O3/S	
column	connected	to	an	flame	ionization	detector.	

The	conversion	was	defined	as	the	number	of	moles	of	car‐
bon	converted	divided	by	the	number	of	moles	of	carbon	pre‐
sent	in	the	feed.	Selectivity	was	defined	as	the	number	of	moles	
of	 carbon	 in	 the	 product	 divided	 by	 the	 number	 of	 moles	 of	
carbon	 that	 reacted.	 The	 carbon	 balance	 was	 defined	 as	 the	
number	of	moles	of	carbon	in	the	outlet	stream	divided	by	the	
number	of	moles	of	 carbon	 in	 the	 feed.	During	 the	evaluation	
conditions,	the	carbon	balance	was	maintained	within	100%	±	
5%.	Nitrogen	was	used	as	an	internal	standard	to	eliminate	the	
errors	caused	by	volume	expansion.	

2.4.	 	 Catalyst	characterization	

Scanning	 electron	microscopy	 (SEM)	was	performed	using	
an	FEI	Nova	NanoSEM	450	instrument.	Transmission	electron	
microscopy	 (TEM)	 images	 were	 recorded	 on	 an	 FEI	 TECNAI	
F30	microscope	operating	at	an	accelerating	voltage	of	300	kV.	
X‐ray	 powder	 diffraction	 (XRD)	 measurements	 were	 per‐
formed	 on	 an	 X'Pert‐3	 Powder	 diffractometer	 and	 a	 Rigaku	
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D/Max	2400	diffractometer	using	Cu	Kα	radiation	(λ	=	0.15406	
nm).	 After	 grinding,	 the	 powder	 catalyst	 was	 placed	 inside	 a	
quartz	glass	 sample	holder	before	 testing.	Thermogravimetric	
(TG)	profiles	were	measured	 from	40	 to	1000	 °C	at	a	heating	
rate	of	10	°C	min−1	under	air	flow,	using	a	STA449	F3	Jupiter	TG	
analyzer	(Netzsch).	

Nitrogen	sorption	isotherms	were	measured	using	a	Tristar	
3000	 sorption	 analyzer	 (Micromeritics).	 The	 Brunau‐
er‐Emmett‐Teller	(BET)	method	was	used	to	calculate	specific	
surface	areas.	Fourier	 transform	infrared	(FTIR)	spectra	were	
collected	using	a	Thermo	Scientific	Nicolet	6700	spectrometer	
by	 dispersing	 the	 samples	 in	 KBr	 pellets.	 Before	 the	 diffuse	
reflection	infrared	Fourier	transform	(DRIFT)	test,	all	catalysts	
were	dehydrated	 in	 situ	 at	 200	 °C	 for	1	h	 in	 a	helium	atmos‐
phere.	

X‐ray	photoelectron	spectroscopy	(XPS)	was	performed	on	
an	Omicron	 Sphera	 II	 hemispherical	 electron	energy	 analyzer	
connected	 to	 an	 in	 situ	 reaction	 cell.	 A	monochromatic	 Al	Kα	
X‐ray	source	(1486.6	eV,	anode	operating	at	15	kV	and	300	W)	
was	used	as	 the	 incident	 radiation.	Before	 the	measurements,	
all	the	samples	were	treated	in	situ	at	500	°C	for	1	h	under	an	
Ar	stream	(32	mL	min−1)	and	then	moved	to	the	measurement	
chamber	under	vacuum	conditions.	 	

11B	magic‐angle‐spinning	 nuclear	magnetic	 resonance	 (11B	
MAS	NMR)	spectra	were	recorded	on	an	Agilent	DD2‐500	MHz	
spectrometer	with	an	11.7	T	magnet	and	a	Bruker	AVANCE	III	
600	 MHz	 spectrometer	 with	 a	 14.1	 T	magnet,	 using	 a	 4‐mm	
MAS	NMR	probe	with	a	 spinning	 rate	of	10	kHz.	Quantitative	
1D	MAS	 11B	 one	 pulse	 NMR	 spectra	 acquired	 at	 14.1	 T	were	
obtained	with	a	 small	 flip	angle	of	π/12	at	 the	corresponding	
11B	r.	f.	field	of	approximately	36	kHz	with	a	recycle	delay	of	2	s.	
The	 chemical	 shifts	were	 referenced	 to	 a	1	M	H3BO3	 aqueous	
solution	at	19.6	ppm.	Before	testing,	the	sample	was	dehydrat‐
ed	at	400	 °C	 for	1	h	at	1	×	 10−4	Pa	and	 then	 transferred	 to	 a	
4‐mm	MAS	rotor	in	an	in‐house	device	without	exposure	to	air.	

2.5.	 	 Transient	analysis	

Transient	 analysis	 experiments	 were	 performed	 in	 a	
packed‐bed	 single‐pass	 flow	microreactor.	The	 chemical	 com‐
position	 of	 the	 reactor	 effluent	 was	 measured	 using	 online	
mass	spectrometry	(MS).	The	spent	catalyst	was	first	heated	to	
600	°C	under	He	atmosphere	(50	mL	min−1);	different	reactants	
were	then	directly	pulsed	into	the	catalyst	using	He	as	the	car‐
rier	 gas	 and	 the	products	were	 recorded	by	MS	 analysis.	The	
following	 mass‐to‐charge	 (m/z)	 signals	 were	 analyzed:	 29	
(C2H6),	24	(C2H4),	and	18	(H2O).	

3.	 	 Results	and	discussion	

3.1.	 	 Insights	in	the	micro‐	and	nanostructures	of	the	PBSN	 	
catalysts	

PBSN	catalysts	with	different	B2O3	contents	were	obtained	
by	electrospinning	followed	by	calcination	in	air.	The	SEM	im‐
ages	of	one	representative	sample	(PBSN‐3)	(Figs.	1(a)	and	(b))	
showed	 a	 fibrous	 structure,	 and	 the	 diameters	 of	 the	 fibers	

were	in	the	range	of	100–150	nm.	Similar	fiber	structures	were	
also	 observed	 for	 the	 PBSN‐1	 and	 PBSN‐2	 catalysts	 (Fig.	 S1).	
The	TEM	image	of	PBSN‐3	(Fig.	1(c))	shows	a	porous	structure	
associated	with	a	homogeneous	distribution	of	Si,	B,	and	O	el‐
ements	in	the	entire	catalyst	(Fig.	1(d)).	

The	 N2	 physical	 sorption	 isotherms	 of	 the	 PBSN	 catalysts	
(Fig.	2(a))	 showed	a	 type‐IV	shape,	 indicating	 their	 accessible	
mesoporous	 characteristics.	 The	 surface	 areas	 of	 the	 PBSN‐1,	
PBSN‐2,	and	PBSN‐3	catalysts	were	88,	98,	and	96	m2	g−1,	 re‐
spectively.	The	pore	sizes	of	the	PBSN	catalysts	obtained	from	
the	 BJH	 adsorption	 branches	were	 uniformly	 concentrated	 at	
approximately	4	nm	(Fig.	2(b)).	The	XRD	patterns	of	the	PBSN	
catalysts	in	Fig.	2(c)	show	a	broad	reflection	in	the	2θ	range	of	
15°–29°,	which	 is	attributed	to	 the	amorphous	nature	of	SiO2.	
B2O3	signals	were	not	observed,	suggesting	that	 the	B2O3	spe‐
cies	 may	 be	 highly	 dispersed	 in	 the	 fiber	 structure,	 together	
with	the	results	of	STEM‐EDX	mapping.	 	

FTIR	 analysis	 (Fig.	 2(d))	 of	 the	 PBSN	 catalysts	 was	 per‐
formed	 to	 further	 characterize	 their	 chemical	 structures.	 The	
broad	 absorption	peaks	 in	 the	 region	of	 1300–1000	 cm−1	 are	
caused	by	the	Si–O	and	B–O	stretches	[32].	The	peaks	at	1425	
and	1370	cm−1	correspond	to	the	signals	of	trigonal	BO3	units	
[33].	 No	 significant	 signals	 of	 tetrahedral	 BO4	 units	were	 de‐
tected,	 suggesting	 that	 the	 BO	 species	 were	 primarily	
tri‐coordinated	 boron	 species	 immobilized	 on	 these	 catalysts.	
The	bending	of	the	B−O−Si	peak	was	detected	at	920	cm−1	[32],	
indicating	that	the	BO	species	were	bridged	by	chemical	bonds	
in	 the	 catalysts.	The	 structural	 characterization	of	 the	 control	
sample	 B2O3/gel	 is	 shown	 in	 Fig.	 S2.	 In	 the	 XRD	 pattern,	 the	
B2O3	signal	can	be	detected,	indicating	that	the	supported	cata‐
lyst	allows	the	aggregation	of	B2O3.	FTIR	spectroscopy	showed	
the	 signal	 of	 trigonal	 BO3	 units	 at	 1425	 cm−1,	 but	 no	 evident	
B−O−Si	 peak	was	 observed.	 This	 result	 suggests	 that	 the	BO3	
group	existed	in	the	B2O3/gel	catalyst	but	had	weak	bonding	to	
the	support.	 	

Fig.	1.	SEM	images	(a,b),	TEM	image	(c),	and	STEM‐EDX	mapping	(d)	of	
PBSN‐3	catalyst.	
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3.2.	 	 Catalytic	performance	of	PBSN	catalysts	in	ODH	of	ethane	
and	propane	 	

The	 reaction	 rates	 of	 propane	 on	 the	 PBSN	 catalysts	were	
also	tested	(Fig.	S3).	The	activity	of	the	catalysts	increased	lin‐
early	with	the	increase	in	the	B2O3	content,	suggesting	that	the	

diffusion	 limitation	 was	 removed	 under	 the	 reaction	 condi‐
tions.	Fig.	3	shows	the	catalytic	performance	of	the	typical	cat‐
alyst	PBSN‐3	in	the	ODH	of	propane	and	ethane.	In	the	case	of	
ethane	 (Figs.	 3(a)	 and	 (b)),	 the	 selectivity	 to	 ethylene	 was	
91.5%	 at	 26.1%	 ethane	 conversion,	 and	 the	 byproduct	 con‐
sisted	of	CO	(6.9%)	and	CO2	(1.6%)	at	595	°C.	As	the	conversion	
of	ethane	was	 increased	 to	44.3%	at	600	 °C,	 the	selectivity	of	
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Fig.	2.	Structural	characterization	of	the	PBSN	catalysts.	(a)	N2	sorption	isotherms	(curves	for	PBSN‐1	and	PBSN‐2	were	vertically	shifted	respectively	
by	70	and	30	cm3	g−1);	(b)	pore	size	distributions;	(c)	XRD	patterns;	(d)	FTIR	spectra.	
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Fig.	3.	ODH	of	light	alkanes	over	the	PBSN‐3	catalyst.	(a)	Dependence	of	ethane	conversion	and	product	selectivity	on	reaction	temperature;	(b)	sta‐
bility	test	of	ethane	over	PBSN‐3	and	B2O3/gel	catalysts	at	similar	initial	conversion	rates;	(c)	dependence	of	propane	conversion	and	product	selec‐
tivity	on	reaction	temperature;	(d)	stability	test	of	propane	at	545	°C;	gas	feed,	16.7	vol%	C2H6,	25	vol%	O2,	and	N2	balance;	WHSV	of	C2H6,	12.8	h−1;	25	
vol%	C3H8,	25	vol%	O2,	and	N2	balance;	WHSV	of	C3H8,	84.6	h−1.	
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ethylene	was	still	retained	at	~84%	with	an	ethylene	produc‐
tivity	up	to	44.2	μmol	gcat−1	s−1	(Table	S1).	The	catalytic	activity	
was	 essentially	 constant	 for	 the	 PBSN‐3	 catalyst	 over	 a	 12	 h	
stability	 test	 at	595	 °C,	but	 it	was	gradually	 reduced	over	 the	
B2O3/gel	 catalyst,	 implying	 that	 the	 activity	 sites	 were	 much	
more	stable	on	the	PBSN‐3	catalyst.	 	

In	the	case	of	propane	(Figs.	3(c)	and	(d)),	the	product	slate	
consisted	 of	 C3H6,	 C2H4,	 CO,	 CO2,	 and	 a	 negligible	 quantity	 of	
CH4.	When	the	conversion	reached	19.2%	at	545	°C,	the	selec‐
tivity	of	propylene	was	74.5%	and	up	to	~90%	for	olefins	(C3H6	
and	 C2H4),	 whereas	 the	 productivity	 of	 propylene	 reached	 as	
high	as	76.6	μmol	gcat−1	s−1	(Table	S1).	Compared	to	supported	
boron	oxide	catalysts	and	traditional	metal‐based	catalysts,	the	
PBSN‐3	 catalyst	 showed	 higher	 olefin	 selectivity	 (Fig.	 S4).	
Moreover,	 the	 stability	 test	 of	 the	 PBSN‐3	 catalyst	 at	 545	 °C	
with	a	high	WHSV	of	84.6	h−1	showed	no	significant	variations	
in	the	conversion	and	product	selectivity	over	20	h,	indicating	
that	the	catalytic	activity	was	stable	even	at	high	space	velocity.	

Fig.	 4	 shows	 the	 dependence	 of	 propylene	 selectivity	 on	
propane	 conversion	 over	 PBSN‐3	 and	 B2O3/gel	 catalysts.	 Alt‐
hough	 different	 catalysts	 have	 similar	 lines	 of	 the	 conver‐
sion‐selectivity	trend,	the	PBSN‐3	catalyst	showed	higher	pro‐
pylene	 selectivity	 than	 B2O3/gel.	 A	 previous	 study	 demon‐
strated	 that	 silica‐supported	 boron	 oxide	 catalysts	 present	
lower	 propylene	 selectivity	 than	 h‐BN	 owing	 to	 the	 negative	
effect	of	silica	support	[29,30].	The	current	high	propylene	se‐
lectivity	suggested	that	the	negative	effect	of	silica	was	inhibit‐
ed	on	the	PBSN‐3	catalyst.	 	

The	DRIFT	spectra	of	the	catalysts	are	shown	in	Fig.	S5(a).	
Before	the	test,	all	catalysts	were	dehydrated	in	situ	at	200	°C	
for	1	 h	 in	 a	helium	atmosphere.	The	 spectra	 showed	 that	 the	
Si‐OH	 signal	 intensity	 of	 the	 B2O3/gel	 catalyst	 was	stronger	
than	 that	 of	 the	 PBSN‐3	 catalyst.	 TG	 analysis	 was	 also	 con‐
sistent	with	the	DRIFT	results	(Fig.	S5(b)).	Considering	that	the	
hydroxyl	 groups	 and	defect	 sites	 contained	 in	 silica	materials	
can	 influence	 or	 catalyze	 the	 reaction	 process	 [34–36],	 it	 is	
reasonable	 to	 speculate	 that	 the	 Si−OH	 group	may	 cause	low	
propylene	 selectivity	 during	 the	 ODH	 reaction	 over	 bo‐
ron‐based	 catalysts.	 To	 further	 confirm	 this	 speculation,	
SBA‐15	 (rich	 in	 Si−OH	 groups)	 and	 quartz	 powder	 (poor	 in	
Si−OH	groups)	were	also	used	as	supports	to	load	B2O3.	Inter‐
estingly,	 the	B2O3/QP	 catalyst	 showed	 a	 higher	 propylene	 se‐

lectivity	 than	B2O3/SBA‐15	 (Fig.	 S6).	This	 result	 strongly	 sup‐
ports	this	speculation.	Research	has	shown	that	a	radical	reac‐
tion	 occurs	 in	 the	 ODH	 reaction	 over	 boron‐based	 catalysts	
[2,22,37].	 Certain	 Si−OH	 groups	 on	 the	 surface	 of	silica	 can	
form	 Si‐O•	 species	 at	 high	 temperatures	 (>	 400	 °C)	 [38,39].	
Therefore,	 one	 of	 the	 speculated	 reasons	 is	 that	 Si‐O•	 species	
may	 bond	 with	 alkyl	 radicals,	 making	 it	 easier	 to	 react	 with	
oxygen	species	to	produce	over‐oxidation	products,	 leading	to	
lower	propylene	selectivity.	 	

3.3.	 	 Structural	stability	of	PBSN	catalysts	

After	 the	 catalytic	 test,	 the	 structure	 of	 the	 PBSN	 catalyst	
was	 further	 characterized	 using	 various	 techniques.	 The	 SEM	
and	TEM	characterization	(Figs.	5(a)–(d))	of	the	spent	PBSN‐3	
catalyst	 showed	 that	 the	 porous	 fibrous	 structure	 was	 well	
maintained	after	the	ODH	reaction.	The	N2	sorption	isotherms	
of	the	spent	catalyst	exhibited	a	nearly	identical	shape	to	that	of	
the	fresh	catalyst	(Fig.	S8),	suggesting	that	the	porous	structure	
of	 the	PBSN‐3	catalyst	 is	 stable	during	 the	ODH	reaction.	The	
FTIR	spectra	of	 the	 spent	PBSN‐3	catalyst	 (Fig.	 S9)	presented	
unchanged	 characteristic	 peaks	 of	 trigonal	 BO3	units,	 Si−O−B,	
and	Si−O,	 indicating	 that	 the	 catalyst	 framework	and	BO	 spe‐
cies	were	 stable	during	 the	ODH	reaction.	XPS	measurements	
confirmed	the	presence	of	boron,	silicon,	and	oxygen	elements	
in	both	 fresh	and	spent	PBSN‐3	catalysts,	and	the	surface	ele‐
mental	 compositions	 of	 the	 catalysts	 were	 almost	 identical	
before	and	after	the	ODH	reactions	(Table	1).	

The	 11B	 NMR	measurements	 for	 the	 PBSN‐3	 catalysts	 are	
shown	in	Fig.	6,	and	five	types	of	B	species	were	identified	with	
the	chemical	shifts	at	ca.	17.8,	14.5,	12.5,	0,	and	−2	ppm,	respec‐
tively.	The	detailed	structures	of	the	five	types	of	B	species	are	
shown	 in	 Fig.	 S10.	 All	 11B	 NMR	 spectra	 showed	 broad	 and	
overlapping	 signals	 due	 to	 quadrupolar	 interactions.	 The	
quadrupolar	 coupling	 constants	 (CQ)	 of	 three	 types	 of	
tri‐coordinated	 boron	 species	 were	 2.5–2.6	 MHz	 [30,40–42]	
and	 the	 tetra‐coordinated	 boron	 species	 showed	 the	 Gaussi‐
an‐Lorentz	 line	 feature.	 The	 three	 tri‐coordinated	 boron	 spe‐
cies	were	 assigned	 to	 the	boroxol	 ring	B3O9/2	 (B[3a]	 species),	
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Fig.	4.	Dependence	of	propylene	selectivity	on	propane	conversion	over
PBSN‐3	and	B2O3/gel	catalysts.	Reaction	conditions:	25	vol%	C3H8,	25	
vol%	O2,	and	N2	balance;	520	°C,	WHSV	of	C3H8,	16.9–169.2	h−1.	

 
Fig.	5.	SEM	(a,b)	and	TEM	(c,d)	images	of	spent	PBSN‐3	catalyst.	
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non‐ring	 BO3/2	 (B[3b]	 species),	 and	 tri‐coordinated	 planar	 B	
species	(B[3c]	species)	[30].	The	two	species	at	the	up‐field	side	
were	assigned	to	two	tetra‐coordinated	tetrahedral	boron	ani‐
onic	species	 (B[4a]	and	B[4b]	species),	which	were	 fused	 into	
the	 silica	 matrix.	 The	 boron	 species	 of	 the	 B2O3/gel	 catalyst	
were	similar	 to	 those	of	 the	PBSN‐3	catalyst,	 as	 shown	 in	Fig.	
S12.	

The	 11B	 NMR	 analysis	 showed	 that	 the	 tri‐	 and	 tet‐
ra‐coordinated	 boron	 species	 were	 immobilized	 on	 the	 cata‐
lysts	via	B−O−Si	bridges,	which	is	consistent	with	the	FTIR	re‐
sults.	Based	on	previous	research,	the	B[3a]	and	B[3b]	species	
are	attributed	to	the	active	species	for	the	ODH	of	alkanes	[30].	
Regarding	 the	supported	catalysts,	 the	boron	species	are	sub‐
jected	to	dynamic	evolution	under	ODH	conditions,	leading	to	a	
change	 in	 catalytic	 activity	 during	 the	 reaction	 [29,30].	 The	
boron	species	were	almost	unchanged	 in	 the	PBSN‐3	catalyst,	
suggesting	that	they	were	stably	immobilized	on	the	PBSN	cat‐
alyst	compared	to	the	supported	ones.	

3.4.	 	 Transient	analysis	and	kinetic	experiments	

Considering	 the	 uniform	 and	 stable	 catalyst	 structure,	 the	
PBSN	material	could	be	used	as	a	model	boron‐based	catalyst	
to	better	understand	the	reaction	behavior	of	the	ODH	reaction.	
First,	a	transient	analysis	of	the	products	was	performed	by	MS	
experiments.	The	catalyst	was	heated	to	600	°C	under	a	helium	
atmosphere,	 after	 which	 different	 reactants	 were	 directly	
pulsed	 into	 the	 reaction	 chamber	 using	 a	 helium	 carrier;	 the	
products	were	then	recorded	by	MS	analysis.	As	shown	in	Fig.	
7(a),	when	C2H6	was	directly	pulsed	into	the	catalyst,	no	C2H4	
signal	was	detected	during	the	pulses,	suggesting	that	the	PBSN	
catalyst	 was	 unreactive	 for	 ethane	 dehydrogenation	 only.	
However,	ethylene	was	formed	immediately	when	a	mixture	of	
oxygen	 and	 ethane	 was	 pulsed	 into	 the	 chamber	 (Fig.	 7(b)).	
These	objective	 results	 allowed	us	 to	 conclude	 that	PBSN	can	
play	 the	 catalytic	 role	 in	 ethane	 to	 ethylene	 conversion	 only	
with	the	assistance	of	oxygen.	 	

Kinetic	experiments	were	performed	to	gain	further	insight	

into	 the	 reaction	pathway	of	 light	 alkane	ODH	over	 the	PBSN	
catalyst.	The	effect	of	the	alkane	and	oxygen	concentrations	on	
the	 reaction	 rate	over	 the	PBSN‐3	 catalyst	 is	 shown	 in	Fig.	 8.	
The	rate	expressions	for	ethane	and	propane	consumption,	Eqs.	
(1)	and	(2),	are	given	below:	 	

2 6 1 2
0.4

2 6
1.8  	 	 	 	 	 	 	 	 	 	 	 	 	 (1)	

3 8 2 2
0.4

3 8
1.9  	 	 	 	 	 	 	 	 	 	 	 	 	 (2)	

where	k1	and	k2	are	the	rate	constants	in	the	ODH	of	ethane	and	
propane	reaction,	respectively,	and	pO2,	pC2H6,	and	pC3H8	are	the	
partial	pressures	of	O2,	C2H6,	and	C3H8,	respectively.	

Similar	kinetic	behaviors	were	also	observed	in	the	ODH	of	
ethane	and	propane,	suggesting	that	the	light	alkanes	convert‐
ed	by	the	PBSN	catalyst	were	subjected	to	an	analogous	reac‐
tion	mechanism.	The	reaction	order	of	oxygen	approached	0.5	
in	 both	 the	 ODH	 of	 ethane	 and	 propane	 (Figs.	 8(b)	 and	 (d)),	
suggesting	that	molecular	oxygen	may	dissociate	on	the	surface	

Table	1	
Elemental	analysis	results	of	PBSN‐3	from	XPS.	

Catalyst	
Elemental	composition	(at%)	

B	 	 Si	 	 O	
Fresh	 	 3.0	 36.5	 60.5	
Spent	 	 2.9	 37.9	 59.2	
	

ppm
0102030 -10 0102030 -10

ppm

B[3a]

B[3b]

B[3c]

B[4a]
B[4b]

B[3a]

B[3b]

B[3c]

B[4a] B[4b]

(a) (b)

Fig.	6.	11B	MAS	NMR	spectra	with	a	14.1	T	magnet	of	fresh	(a)	and	spent
(b)	PBSN‐3	catalysts.	
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of	the	catalyst.	However,	the	apparent	activation	energy	(Ea)	for	
the	conversion	of	oxygen	in	the	ODH	of	ethane	(298	kJ	mol−1)	
was	higher	than	that	of	propane	(230	kJ	mol−1)	(Fig.	S13).	This	
result	implied	that	the	activation	of	molecular	oxygen	was	not	
only	 influenced	 by	 the	 catalyst	 but	 also	 by	 alkanes.	 Previous	
work	has	also	found	that	the	presence	of	alkanes	can	promote	
molecular	 oxygen	 dissociation	 on	 boron‐based	 catalysts	
[20,43].	Therefore,	the	difference	in	Ea	of	oxygen	conversion	in	
the	ODH	of	ethane	and	propane	may	originate	from	the	differ‐
ent	 promoting	 abilities	 of	 ethane	 and	 propane	 [18].	 The	
near‐second‐order	dependence	of	ethane	and	propane	concen‐
trations	suggests	that	the	reaction	rate	is	highly	dependent	on	
the	partial	pressure	of	light	alkanes.	 	

4.	 	 Conclusions	

Electrospinning	 was	 used	 to	 synthesize	 porous	 bo‐
ron‐doped	silica	nanofibers,	and	their	catalytic	performance	in	
the	ODH	of	ethane	and	propane	was	investigated.	The	synthe‐
sized	 catalyst	 ensures	 uniform	dispersion	 and	 stability	 of	 the	
boron	 species	 on	 the	 surface	 of	 the	 open	 fiber	 framework	 in	
ODH	 processes.	 The	 open	 one‐dimensional	 fiber	 structure	 al‐
lows	easy	diffusion	and	ensures	high	 catalytic	 activity	at	high	
WHSV	 in	 the	 ODH	 of	 alkanes.	 Compared	 to	 other	 supported	
boron	 oxide	 catalysts,	 PBSN	 catalysts	 showed	 higher	 olefin	
selectivity	and	stability.	Transient	analysis	 and	kinetic	experi‐
ments	 indicated	 that	 the	 activation	 of	 O2	 was	 influenced	 by	
alkanes	during	 the	ODH	 reaction.	 This	work	 offers	 a	 new	 ap‐
proach	 for	 the	 synthesis	 of	 highly	 efficient	 boron‐based	 cata‐
lysts	 and	 provides	 detailed	 experimental	 evidence	 for	 under‐
standing	 the	 ODH	 reaction	 pathway	 over	 boron‐based	 cata‐
lysts.	
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静电纺丝法制备硼掺杂氧化硅纳米纤维用于低碳烷烃氧化脱氢制烯烃 

闫  冰, 陆文多, 盛  健, 李文翠, 丁  鼎, 陆安慧* 
大连理工大学化工学院, 辽宁省低碳资源高值化利用重点实验室, 精细化工国家重点实验室, 辽宁大连116024 

摘要: 乙烯和丙烯等低碳烯烃是重要的基础有机化工产品, 广泛应用于化工生产的各个领域.  相比于其他工艺, 低碳烷烃

氧化脱氢制烯烃工艺具有不受热力学平衡限制、无积炭等特点而被广泛研究.  近年发现六方氮化硼(h-BN)、硼化硅(SiB6)

和磷酸硼(BPO4)等非金属硼基催化剂能够高效催化烷烃氧化脱氢反应, 并抑制产物烯烃的过度氧化, 表现出高的催化活性

和烯烃选择性.  大量的研究表明, 硼基催化剂活性起源于催化剂表面的“BO”物种(如B–O和B–OH等基团).  氧化硼(B2O3)

作为一种氧化气氛中化学性质稳定的含硼化合物, 兼具丰富的“BO”位点, 在反应条件下可形成多种结构以适用不同的化

学环境, 为制备高效的烷烃氧化脱氢催化剂提供了可能.  在之前的研究中, 多将B2O3浸渍在常规的TiO2, SiO2, Al2O3等三维

多孔载体上用于氧化脱氢反应.  考虑到B2O3结构的灵活性和易于成键特性, 需开发更为有效的合成策略, 以提升B2O3催化

剂在氧化脱氢反应中的活性和稳定性.   

本文采用静电纺丝技术合成了直径为100~150 nm的多孔掺硼二氧化硅纳米纤维(PBSN)用于低碳烷烃氧化脱氢反应.  

静电纺丝法合成的催化剂中硼物种在开放的氧化硅纤维骨架上均匀分散且稳定固载.  一维纳米纤维结构不仅有利于扩散, 

且赋予催化剂在高重时空速(WHSV)条件下优异的烷烃氧化脱氢反应活性.  在乙烷氧化脱氢反应中, 当乙烷的转化率达到

44.3%时, 乙烯的选择性和产率分别为84%和44.2 μmol gcat
−1 s−1.  而在丙烷脱氢反应中, 当丙烷转化率为19.2%时, 总烯烃选

择性及丙烯产率分别为90%和76.6 μmol gcat
−1 s−1.  在温度为545 oC, 丙烷WHSV高达84.6 h−1的条件下, 催化剂保持长时间稳定.  

与其他负载型氧化硼催化剂相比, PBSN催化剂具有更高的烯烃选择性和稳定性.  研究表明, 在氧化硅负载B2O3催化剂催

化丙烷氧化脱氢反应中, 载体中Si–OH基团的存在可能会降低丙烯的选择性.  瞬态分析和动力学实验表明, 硼基催化剂催

化烷烃氧化脱氢反应过程中O2的活化受到烷烃的影响.  本文不仅为高效硼基催化剂的合成提供了新思路, 也为深入理解

该类催化剂上烷烃氧化脱氢反应过程提供了实验支撑.  
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